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SUMMARY

Tests under combined axial ~oad and normal pressure were
made on 29 245-T aluminum alloy sheet-stringer panels. The
panels ‘had lengths of 1? and 39 inches, widths of 16= and
242 inches, and sheet thicknesses of 0.G25 and 0.C51 inch.
They were reinforced by extruded Z stringers spaced 4 inches
between centers. The normal load on the sheet side of the
panel was varied from 8 psi of v%cuum to 16 psi of pressure.

.
Zmpirica> formulas were derived for predicting the effect

of normal pressure on the strain for buckling of sheet between
w stringers. The observed buckling strains were compared with

theoretical values obtained in MACA Technical Note No. 949.

The axial load carried by the sheet was measured for all
the panels. The measured axial l~ad was compared.with the
theoretical axial 10Rd for sheet without normal load as given
by Marguerre.

The maximum load ~nd the mod,eof failure were observed
for all the panels. The measured loads were compared with
values obtained from the nomogram in NAC.4Technical Note No.
856 for flat panels of the same design without normal pressure.
A simple formula was fitted to the data to describe the re–
duction of maximum axial lead due to the presence of normal
pressure.

.



INTRODUCTION

2

An understanding of the effect of normal pressure on the
strength of axially loaded skeet-stringer panels is important
in the construction of airplane wings, pressurized cabins,
and hull bottoms.

Experimental results on the effect of normal pressure on
the critical compressive stress of sheet are limited t;h~ose
presented.in reference 1 for curved sheet specimens.
retical“results on the effect of normal pressure on axi=.llv
loaded sheet, having ~imply supported edges are presented in
reference 2.

The tests described in this paper were made at the request
of the KatiofialAdvisory Committee for Aeronautics to provide
additional experimental data and to derive empirical formulas
for determining the buckling load, load carried after buckling,
and ultimate load of sheet-stringer panels under combined
axial load and normal pressure.

This investigation, conducted at tk.eNational Bureau of
Standards, was sponsored by and conducted with the financial
assistance of the National AcivieoryCommittee for Aeronautics.

DESCRIPTION 02’SPECIMENS

The dimensions of the panels are given in table 1 and fn
figure 1. The stringers, the sheet, anilthe rivets wez=e24S—T
aluminum alloy. The stringers were extrusions with a z section
having nominally the same dimensions for all the panels. Actu–
ally their cross-sectional area varied betweer.0.16.5and 0.201
square inch. All the panels had a nominal rivet spacing of
20 times the sheet thickness and a nominal stringer spacing
of 4 inches.

Panels 1 ta 10 were tested over the widest range of normal
pressures from 8 psi of vacuum to 16 psi of pressure, and were
considered to be the basic set of panels. Panels 11 to 17
were included to determine the effect of a change in sheet
thickness, panels 18 to 21 to determine the effect of a change
in panel length, panels 22 to 25 to determine the effect Of a.
change in both sheet thickness and panel length, and panels
26 to 29 to determine the effect of a change in both panel
length and panel width.9
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The thickness of the sheet in the panels was taken as
the average of a large number of measurements. The variation
of sheet thickness in a given panel did not exceed 0.00? inch.
The cross–sectional area of each panel was determined from
its weight, density, and length after correcting for the
weight of the rivet hea~s. This area differed by not more
than 0.2 percent from the area obtained from cross—sectional
dimensions.

Mechanical Properties of Material

Tensile tests and single thickness compressive tests
(reference 3} were made on specimens from the sheet used in
the panels. The resulting compressive stress—strain curves
are given in figure 2, and the mechanical properties in both
tension and compression are given in table 2.

Compressive properties of the stringers were determined
from compressive tests of 4—inch lengths of the stringer
stock. One such test was made for each panel tested. The
resulting family of compressive stress—strain curves and the
median stress-strain curve are shown in figure 3. It WaS
necessary to use the median curve of figure 3 for computations
for all the panels since the correspondence between the number—
ing of the stringer samples and the numbering of the panels
was not clear. Fortunately, except for 2 of the 29 curves,
the difference from the median curve was less than 1 percent.
For the remaining 2 curves the differences in modulus were
2 and 3 percent and the differences in yield strength (0.002
?ffset) were 5 and 6 percent.

preparation of Panels

The ends of each panel were ground flat and parallel.
The panel length, weig~t,
then determined.

Test Fixture,

A specimen set up for
pressure on the sheet side

—
and cross—sectional dimensions were

Pressure on Sheet Side

axial load combined with normal
is shown in figuree 4 and 5. The

specimen was set with its centroid at the center line of the
machine. The axial load was applied to the panel through the
ground end blocks C. The normal pressure was applied by means
of the air cell B which was made of rubberized ballcon cloth
weighing about 0.04 pounds per square foot. The lateral
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. force developed by the pressure was transferred from the ends
of the panel to the reaction bars A which were rigidly fastened
to the end blocks C. Distortion of the sheet at the ends of
the panel was prevented by casting Wooii’smetal D and F be-
tween the ends of the specimen and the reaction bars A ~nd
the back plate E, respectively. The reaction from thebackplate
m was carried to the end blocks by the lugs I. The inter–
mediate rollers G permitted free motion of the heads relative
to the back plate as the specimen shortened under load. This .
arrangement left the specimen practically free to deform under
load and did not apply lateral forces to the testing machine.

Tests Fixture, Vacuum on Sheet Side

The setup for this condition of loading is shown in
figure 6. In this case the reaction 3~rs A were relocnted on
the end blocks so that the lateral force was carried directly
by the sheet. The Wood!s metal D prevented the stringers
from rot~ting and as in the previous case mrevented distortion
of the sheet at the end of the panel. The lateral force on
the vacuum cell F was carried to the end block by direct
connection at one end end by the roller G at the other. The
gaps between the vacuum cell, the specimen, and the hesds

h were sealed by a loose fold of rubberized cloth cemented as
shown at H. Small leaks were sealed with hot beeswax.

4
Test Fixture, No Pressure

The procedure for tests with no pressure was identical
with that used for the pressure tests except that no cell
was employed.

Pressure equipment

The systems for applying pressure and vacuum were eauipped
with regulator valves which maintained the desired pressure.
Pressure and vacuum were measured by means of a mercury
manometer calibrated in poundsper sauare inch.

Loading.
When loading the p%nel, the ratio of axial ltiadto normal

pressure was always maintained sufficiently high to prevent
4 tipping of the end of the panel on the steel loadin~ block.
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The loads for a parttcu~ar panel were increaeed in small Ste??s,
keeping this ratio in mind. After the normal pressure reached
a predetermined value, it was held constant and the panel was
tested to failure by further increases in the axial load. In
some of the panel tests the axial load was brought back to a
low value with zero normal pressure at regular intervals to
measure the permanent set in the stringers and in the sheet.

Strai= Measurements

Pairs of 2-inch !t!uckermanstrain gages were att=.chedto
the etringers of the panel. One ga~e of each pair was attached
directly to the outsts.ndingflange. ‘The remainin= gaFe of
each pair was attached to the stringer fl~nge .jolnedto the
sheet using the lever strain transfer described On page 4 of
reference 4.

Wire strain gages of the SR-4 type were attached to the
panels in addition to the Tuckerman gages when it was found
that the Tuckerman gages could not be relied upon to give
the increment in strain during buckling; the buckling was
sometimes so violent that it unseated the Tuckerman strain
gages.

Figure 4 shows one of the panels set up for test with
the strain gages attached. Mo”stof the SR-4 wire strain gages
are on the under aide of the stringers and therefore are not
visible in the photograph.

Figure 7 shows the location of the strain gages on the
stringer cross section. The etrain c at the centroid of
ths stringer and the strain Et at the point of contact of
the sheet and the stringer were computed from the measured
etrains on the assumption that the strain in the stringer
varied linearly with the distance from the sheet. This
assumption of linear strain variation was partially checked
by attaching twelve SR-4 type A-1 wire strain gages to a
single stringer of the type ueed in the panels and testing
it under axial load. No deviation from linear strain vari—
ation across the section was observed until after severe
bending at an axial stress of 40,000 psi.

.
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Uniformit:rof Strain

After mounting the panel In the testing machine, the
strain was measured for small increments in axial load. At
a load of about 10 percent of the expectedmaximum load, those
panels which did not show a uniform =train distribution were
removed from the testing machine and their ends were reground.
They were then rechecked for uniformity of strain before test-
ing. The maximum Initial departure from uniformity in the
panels as tested was 10 percent. Most of the panels showed
considerably better uniformity.

Buckling

The buckling of the sheet between stringers, the buckling
of the sheet between rivetst and the twisting of the stringers
was noted by freauent visual inspection as well as by the POP
which in most cases accompanied buckling between strfngers.

Results of Test in Elastic Range

Panel 13 having 0.051-inch sheet with a 4-inch stringer
spacing was loaded through a eange of lateral pressures up to
7 psi and axial loads up to 30 kips in the elastlc range to
determine the effect of lateral pressure on the behavior of
the sheet. The sheet in this ~anel buckled at an axial load
of 17 kips with no lateral pressure. For each combination of
axial load and lateral pressure the load was increased from a
low load (axial load 4000 lb, lateral pressure zero) to the
test load by two sequences. Yor the first seouence, the axial
load was increased to the test axial load and then the lateral
pressure was increased to the test lateral pressure; while for
the second sequence, the order was reversed. This was done
to determine the effect of sequence of loading. A permanent
set reading was taken after each load reading to check that
the elastic range as measured at the stringers had not been
exceeded. The repetition of loading had no effect on the
buckling load.

Buckli.ng.-The development of the buckle pattern is in—
dicated in figure 8. It is evident that the application of
lateral pressure in some cases postponed buckling to higher

> axial loads. The changes in buckle pattern observed were
mostly of the “snap” type. They were accompanie& bY a sudden
decrease in the axial load of 50 to 100 pounds. The number of

. buckles increased with the axial load over a range of axial
loads from 18 to 30 kips. The order of application of the
loads had only a minor effect on the buckle pattern.
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Sheet load.— In figure 9 is shown a plot of the sheet
load as a function of lateral pressure and edge strain. The
sheet load was computed from the measured stringer strains by
subtracting the corresponding stringer loads from the total
load. The sheet load for a given edge strain was changed
less than 5 percent for a range of lateral pressures from
~ to ‘7psi. The sequence of application of the loads in no
case changed the sheet loaa by more than 2 percent.

In conclusion, the tests of panel 13 in the elastic
range showed that lateral pressure from O to 7 psi had some
influence on tke buckling load (fig. 8), but changed the sheet
load for a given edge strain less than 5 percent. The order
of loading had a negligible effect on the sheet buckling and
affected sheet load by less than 2 percent.

Results of Tests to Failure

Stre.ins.-The load–strain graphs are shown in figures 10
to 38. The stringer strains are the strains ~ at the cen—
troids of the stringers and the sheet strains are the strains
cl tn the extreme fiber of the stringer at the contact be-
tween stringer and sheet. The axial load at which the lateral

. pressure p was applied is indicated on the figures. Loads
at which buckling of the sheet between stringers 0CCUrrf3d
are also given in the figures. The permanent set readings
are given on some of the graphs.*

An increase in axial load in general caused all the
strains to increase by the same amount; while an increase in
normal pressure in general caused a divergence between the
strains read at the sheet and at the stringer centroid. The
effect of pressure on the sheet side on the strains at the
midlength was to increase the compressive strains at the
sheet and decrease the cdmpTessive strains at the stringer
centroid. Vacuum on the sheet side had the reverse effect.

~uckling:- The strains at which buckling of the sheet be-
tween stringers was first noticed are given in table 3. Eor
most of the panels having lateral pressures of 1 PSI or more,
the buckling was of the “snap diaphragm’!type. TWO kinds of
buckling of the sheet between stringers were observed. For

. the panels with relatively low pressures, the buckles ex-
tended from stringer to stringer just as for flat panels;
while, for the panels with relatively high lateral pressure,

●
some of the buckles extended only part waY from stringer to
stringer as in a thin–walled cylinder under axial Zoad.



.
i“.4C.4TN NO. 1041 ~

In figure 39 are shown at A, the lateral deflection of the
unbuckled sheet; at B, a buckle extending from stringer to
stringer; and at C, buckles extending only part way from
stringer to stringer.

In addition to buckling of the sheet between stringe~s,
there was buckling of the sheet between rivets. The nominal
rivet spacing of 20 sheet thicknesses in the panels was chosen
to give no buckling between rivets prior to failure in the
absence of normal load. Only eight panels had buckles between
rivets prior to failure. The buckling occurred nearly at
failure. There was no indication that the normal load had
appreciably reduced the strains for buckling between rivets.

Failure.– The ma~i~u~ load and the average stress at
failu~are given in table 4. ‘Theaverage stress at failure
varied from 19.9 ksi for panel 18 with 8 psi of vacuam,
0.C25–inch sheet and 19—inch length to 32.7 ksi for panel 5
with 1/2 psi of vacuum, G.025—inch sheet and 12—inch length.
The average stress at failure for 0.051—inch panels was 7
percent less than for comparable 0.025—inch panels.

ANALYSIS.

Buckling of sheet between strin~ers.— A theoretical
. discussion of the behavior of a simply supported, long, rec—

tangular plate, length/wtdth ratio 4, under combined axial load
and normal pressure is given in reference 2. Figures 6 to 9
and tables I to IV of refere~ce 2 indicate that buckling can
occur as follows for such a plate:

pb4/Et4 = O; ~crbzjta = 3.84

pb%/Et4 = 2.40; ~crba/t2 = 4.1

\

(1)
pb4/Et4 = 12.02; 7.32 ~ ~c?bz/ta-0.51

pb4/Et4 = 24.G3; IG.24 < ecrh2/ta<15.42 J
where

.
b stringer spacing

P normal pressure
4 t sheet thickness

ccr critical buckling strain
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The limiting values of critical strain when pb4/Et4 = 12.02
and 24.03 indicate a range of values of cerb2/t~ within
which the sheet can be in stable equilibrium in either the
buckled or unbuckled state. Above this range the sheet must
be buckle& and below it the sheet must be unbuckled.

In figures 40 and 41 are plotted the experimentally
observed.buckling strains for sheet between stringers as a
function of lateral pressure. Figure 40 contains the data
corresponding to all panels having a nominal sheet thickness
of 0.025 inch while figure 41 contains the data fo??all panels
having a rominal sheet thickness of 0.051 inch. It is evident
from figures 40 and 41 that panel width and panel length as
well as tl~edirection of the lateral pressure (acting on
stringer Ur sheet sise) had negligible effect on the strain
at which “~uckllngOS the sheet between st?ingers occurred
while the magnitude of the lateral pressure had a large effect.

The theore~ical buckling strains according to equation
\l) are plotted as vertical bars in figures 40 and 41. l?hey
were computed by substituting in equations (1) the nominal
valuss 5 = 4 inches, t =“0.025 inch, E = 10.6 X 106 psi
for figu.-e40 and.the nominal values ‘b= 4 inches,t s 0.051inch,

. E= IG.? )( iG= pat for figure 43. In comparing theoretical
and measured b-~cklingstrains it must be remembered that
equation (1) corresponds to””simple support along the edgee

- while the edge conditions in the test panels were intermediate
between slnple and clamped support.

The increase in edge restraint above simple support
has ~jposite effects on the bucklin~ strain of tke sheet,
depending on the magnitude of the lateral pressure. At
very low pressures the sheet buckles as a flat plate at a
strain which will increase with the amount of edge restraint.
At sufficiently high pressures the buckling strain is deter—
rainedprincipally by the transverse curvature which is produced
by the “dishing in” of the sheet under lateral pressure. The
dishing in and the transverse curvature are decreased with in–
creasing edge restraint. Hence, at high pressures, a decrease
in buckling strain with increase in edge restraint is expected;

The anomalous effect of edge restraint on buckling strain
. may be responsible in part for the fact that the experimental

buckling strains in figures 40 and 41 for the panels with
intermediate support are larger at low pressure than the theo-

●
retical buckling etrains Sor simple support, while they are
smaller at high pressures.
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The anew.alouseffect is checked by the experimental
that the buckling was first observed on Interior
for every one of the panels having w-orethan 2 psi

of-pressureo; vacuum while for the refiat~ingpanels
buc”klingoccurredin the edge bays first or all over at
once. The edge stringerstwisted9correspondingto an
edge conditionnearer to simple support9sridmada the
dishing in of the edge bays deeper than that of the
interiorbays. For panel 12 this was checkedby
measuring lateral deflectionsdue to pressure. It was
found that the ed~e bays dished 37 percentmore than the
interiorbays.

A quantitativemeasure of the anomalouseffect can
be obtainedby fitting an empiricalrelation to the
experimentalbuckling strainsin tigures40 snd 41A
Such an empiricalrelationwas obtainedby noting,from
equations (1) that the critical strainratio Ecrb=/t2
shculdbe some functionof the pressuz”eratio pb4/Et*.
In figures40 snd @ are shown straightlines, faired
throughthe data, correspondingto a linear relation
between these vari=bles. These straight lines are for
the 0.02~-l.nchs-beet:

E bam ~ = 7.0 + 0.062 ~ (b/t = 160) (=)
t

and fm the 0.051-inchsheet:

c b=Cr — =4.5 +o.16& (b/t = 78)
# Et4

(a)

The first term on the right-handside of these equations
correspondsto the cssa of no lateralpressure. cOmparing
this term with the theoreticalvalue for a long plate with
clamped ed es and with simnly supgortededges (reference7,

?p~. 60/4-60 ):
ba‘cr —= 6.4, clamped edges
ta

E ‘Dacr — = 3~7 simply supportededges
ta
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shows that the 0.025—inch sheet in figure 40 approached a
condition of rigid clamping at the stringer while the
0.051-inch sheet in figure 41 approached a condition of
simple support.

The coefficient of the pressure term on the right–hand
side of equations (2a), (2b) is about 16G percent larger for
(2b), approaching simple support, than for (2a), approaching
clamped suppurt. In o%her words, the buckling strain for
large pressures on these panels can be increased about 2.6
times by decreasing the edge restraint at the stringer from
rigid clamping to simple support.

The effect of changing the thickness of sheet, with a
given edge condition, is also brougbt out clearly by eauations
(2a), (2b). With incre~.singthickness the first term, corre—
spending to buckling at low pressure is increase~; while the
second term, corresponding to buckling at high pressure, is
decreased. This accounts for the experimental fact, shown
in figures 40 and 41, that the panels with the thin sheet,
figure 40, were more stable at pressures above 0 psi than
the panels w!.ththe heavy sheet in figure 41.

In applying equations (2a), (2b) it must be remembered
that they are based on tests involving only one stringer
spacing, b = 4 inches, two sheet thicknesses, t = 0.025 and
0.051 inch, and one type of strir.ger. The equations are

. not recommended for design outside of the range of variables
involved in the test.

Sheet Load.- ‘lhesheet load per eheet bay Psh was

calculated by subtracting the load carried by the stringers
r from the applied load and dividing by the number of sheet

bays. (No correction was made for the extra 3/8 inch of
sheet beyond the rivet line of each edge stringer.) The
load on each stringer was obtained from the strain at the
stringer centroid, the compress~ve stress—strain curve
(curve B, fig. 3), and the cross—sectional area of thd
stringer (table 1). The sheet load per sheet bay Psh,
so determined, is plotted in figures 42 to 48 against the
sheet strain (strain at extreme fiber of the stringer at the
contact between stringer and sheet). Figures 42, 43, 46, and

“ 48 are for panels with 0.025-inch sheet; while figures 44, 45,
and 47’are for panels with 0.051—inch sheet.

.



. K-AC%TN No. 1041 12

Figures 42 to 48 show that the effect of lateral pressure
is much more p~onounced for the 0.025-inch sheet than for the
0.051—inch sheet. ThG sheet load for a given edge strain is
decreased by lateral pressure for strains less than the
buckling strain with no lmteral pressure, but is increased
for strains somewhat greater than the buckling strain with no
lateral pressure. Comparison of figures 42 to 48 with each
other show that the sheet load per bay is unaffected by the
over—all panel width, panel length, or direction of appli—
cation of th~ normal load (i.e., pressure or vacuum).

A theoretical value of the sheet load for the case where
the normal pressure is zero can be obtained from Mar~erre19
formula (Peference 6, p. 12). According to this formula,
in the elastic range the load per sheet bay Psh carried by
a sheet of thickness t between stringers with a spacing b
at an edge strain ~1 ia:

It is shown in reference 6 that Marguer~ets formula
gives values of sheet load that are from 8 percent more to
20 percent less, inside the elastic range, than measured
values for panels similar to those of this report but with—
out normal pressure.

The panels of this report with a nominal sheet thickness
t = 0.025 tnch had an average Young:s modulus of the sheet
E = 10.6 x 1G6 psi and an average strin er spacing b = 4
inches. For these panels, equations (37 reduce to

Pah = 1.06 x 106 El,

z /3
P = 55320(6t) ,sh

~‘<0.000142 1
G1>0.000142 1(4)

.

.
----
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. For the panels having a nomizialsheet thickness t = 0.051
inch~ the average Young’s modulus of the sheet was
10.7 x 106 psi, and the stringer spacing was b = 4 inches..
For these panels, equations (4) reduce to

Pah = 2.la2 x 106 et, e1<0.000592

a /3
Psh = 183,600 (61) , 6f>o.000592 1(5)

Equations (4) and (5) are plotted in figures 42, 43, 46,
48 and 44, 45, 47, respectively. Comparison with the obse?ved
sheet loads in these figures shows that Xarguerre’s formula
gives a conservative value of the sheet load re~ardless of
pressure, except at loads “oelowthe buckling load for some
of the panels carrying laree lateral pressure. The measured
sheet loads are in some cases considerably more than the 20
percent in excess of Marguerre’s formula observed in reference
6 for panels without normal pressure. This indicates that
Marguerrets formula may be conservative in the range between
the buckling strain ‘and failure by even more than 20 percent,
particularly in the presence of normal pressure.

* Failure.— The data in table 4 showing the effect of——-
normal pressure on the average axial stress at failure are
plotted in figures 49 to 53,

.
Normal load caused a small reduction (about ~/2 percent

per psi) in the axial load at failure for the 12-inch panels
(figs. 49 and 50) and a somewhat greater reduction (about 2
percent per psi) for the 19—inch panels (figs. 51 to 53).
The direction of application of tke normal load — that is,
pressure or vacuum on the sheet side — has no effect on the
magnitude of this reduction. The panels with 0.025—inch
sheet (figs. 49, 51, and 53) show approximately the same
reduction as the panels with 0.051—inch sheet.

In addition there is plotted in figures 49 to 53 an
estimated stress at failure determined from the nomogrqm in
figure 56 of reference 6 using average panel dimensions and
a value of ~st (stringerstress at failure) of 39 ksi for
the 12—inch panels and 36 ksi for the 19—inch panels. The
value of 36 ksi was chosen for 19-inch panels on the basis
of unpublished tests.

.
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The stress obtained from the nomogram agrees with the
observed stresses within 6 percent for all the panels tested
with a lateral pressure of 4 psi or less of normal load.

A simple correction to take account of the reduction of
axial stress at fa”iluredue to normal load was derived on the
assumption that the reduction would be proportional to the
ratio of center deflection to length with only normal load
acting. On this basis, the reduction for a particular type
of stringer should be proportional to pbZ3/EI, where p
is the normal pressure, b is the stringer spacing, 1 is
the length, and EI is the bending stiffness per baY. For
the purposes of tb-issimple correction, EI was taken as
the bending stiffness of a single stringer with a single
sheet bay attached and it was assumed that the sheet was
fully effective. On this basis,

where

P/A average axial stress at failure

(P/A)nomo value of P/A determined from nomogram in
reference 6

(6)

k empirical constant to be determined from data

The value of k which gave the best fit to the data in fig-
ures 49 to 53 ustng EI = 478,000 pound-inches square for
0.025—inch panels (figs. 49, 51, and 53) and E1 = 583,000
pound—inches square for the 0.051—inch panels (figs. 50
and 52) was k = 0.39. Formula (6) Then becomes

P P
()

r—-=A I nomo 1
l– o.39# 1 (7)

Equation (7) is plotted in figures 49 to 53 for comparison
with the data. The failing stress of 27 of the 29 panels
tested agree with equation (7) within 6 percent. The
remaining two panels, 18 and 21 of figure 51, carried 8 psi
of normal load and were 18 percent weaker and 9 percent
stronger, respectively, than indicated by eauation (7).
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CONCLUSIONS

In the elastic range, a panel with 0.0!51-inchsheet and
4-inch stringer spacing subjected to normal pressures from
O to 7 psi showed some change in buckling load with normal
pressure, but showed changes of less than 5 percent in the
sheet load for a given edge strain,
(i.e.,

the order of loadi~g
pressure or axial load firet) had a negligible effect

on the buckling of the sheet and affected the sheet load by
less than 2 percent.

Normal pressure dld not appreciably reduce the strain
for buc,klin~between rivets.

The combined effects of normal pressure and panel length
caused a variation in average axial stress at failure from
19.9 ksi for a 19—inch panel with 8 psi of vacuum to 32.7,
ksi for a 12–inch panel with —1/2 psi of vacuum. Increasing
sheet thickness from 0.0?5 to 0.051 inch caused a 7—percent
reduction in average stress at failure, corresponding to the
smaller reinforcement ratio.

The critical buckling strain of the sheet was found to
depend on the sheet thickness, the lateral pressure, and the
restraint of the sheet at the stringer edge. It was not
affected by panel width, panel lenFth, and direction of normal
pressure (on sheet side or on stringer side). Analysis of
the data Indicated that the critical buckling strain for
small lateral pressures depended principally on the flexural
rigidity of the sheet and on the type of edge restraint; it
was increased wtth an increase fn sheet thickness and an in-
crease in edge restraint. At large lateral pressures, on
the other hand, the buckling strain depended principally on
the amount of transverse curvature produced by the dishing
under pressure; it was decreased with an increase in sheet
thickness and an increase in edge restraint. As a result of
the opposite effects of changes In sheet thickness at low

pressure and at high pressure the measured buckling strains
for the panels with 0.025-inch sheet exceeded those for the
panels with 0.051-inch sheet for lateral pressures greater
than 8 psi. Empirical formulas were derived to describe the
effects on the buckling strain of changes in sheet thickness,
lateral pressure, and edge restraint for panels similar to
those tested.
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The sheet load per bay wae unaffected by the panel width,
panel length, or direction of application of the normal load
(i.e., pressure or vacuum). The sheet load for a given edge
strain was decreased by lateral pressure for strains less than
the buckling strain with no lateral pressure,but was increased
for strains somewhat greater than the buckling strain with no
lateral pressure. The measured load for all values of lateral
pressure was greater than that given by Marguerrets formula
for the effective width of a sheet with simply supported
edges, without lateral pressure, except at loads below the
buckling load with no lateral pressure.

Lateral pressure caused a small reduction (about 1/.2per—
cent perpsi) In the axial load at fatlure for the 12-inch
panels and a somewhat greater reduction (about 2 percent per
psi] for the 19-inch panels. The direction of the lateral
pressure had no effect on the nagnitud.eof this reduction.

, The panels with 0.025-inch sheet showed approximately the
same reduction as the panels with 0.051-inch sheet.

The maximum axial load for all panels tested with 4 psl
or less of normal pressure agreed within 6 percent with values
obtained from a nomogram (reference 6) designed to predict
the maximum axial load of panels without normal pressure.. A simple correction formula to take account of the reduction
in axial load at faflure due to normal load is presented.
The nomogram, together with this correction formula, gave

. maximum loads which agreed within 6 percent with the observed
maximum loads for 27 of the 29 panels tested. The remaining
two panels failed at loads 9 percent.more and 18 percent
less, respectively, than the predicted loads.

National Bureau of Standards,
Washington, D. C., July 24, 1945.
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Panel
numbe]

1
2
3
4
5
6
7
8
9

10
11
12
1
1{
15
16
17
M
19
20
21

22
23
24
25
26
27
28
29

Xil

I

Norman
pressure.,

P

(psi)

,

TABLE1.-DIMENSIONSOFP~LSMJDWIMJIfNO~’ULPmsm
[Seealzofig.1:]

Length-
ofpmel,

1

(in.)..—
11,$2
11.98
11,96
11.92
11.97
ll,gg
11,98
u. 96
11.97
11.gff
11.93
u. 96
I.I ,96
11.96
11897
11.95
11.96
M.g6
lg.~z
18.94
18*93
ll?i.94
lG.’95
M.94
M.94
18.94
1$,94

chickIleSS
xtsheet,

t

(j.n,)

).0251
,0252
,0251
.0249
.0253
,02i+9
.0250
.02~o
.02.50
,0250
,0513
.0515
.(-)507
●~j~l
.0516
.0515
.C520
●0250
,0254
.O@
.0257
.0517
.0523
.0516
●0521
.0259
●fy~z
.[i25
,(l?~8—...— —-

Width
ofpanel,

w

(in.)

16.73
16.75
16.70
16.73
16.75
l(i,~~
16.75
16.75
16.75
16.75
16.75
16.75
16,73
16.75
16.75
16.75
16.75
16.76
16..75
16.75
16.78
16.72
16,75
16,75
16.75
24.76
24,76

J
$$. 6
f.I. 7———.

3ross-
sectional
mea of
puel
(m in.)
.—
1.306
1.“00
lJQO
1.369
1.359
lo3b5
1,272
~,yj3
~.;yjo
1.302
1.770
1.744
1“733
1!733
1.7b3
1“773
1.741
1.258
l.kg
l.~jEi
l,j$n

1’757
1.”(78
l,lna
1.758
2*04tl
1.Zgg
:$~~b?.. .,—. —

Cross-
sectional
areaof
stringer
(Sqfn.)——
0.178
.176
.196
●190
.157
.189
.171
.177
.174
.177
,L!n
.176
.177
.176
.176
.lf$?
.174
.168
.199
.191
,192
.179
.Mo
.191
.177
.201
.179

,200.;77..—. . .

;tringer
3pacing,
b

(in.)
4,00
4.00
4.00
llm(’M-J
4,0’2
4.00
)1,()()
400
4.00
4.00
)1,()()
4.00
4.co
&.()()
4.00
4.00
4.00
4.00
4.00
4.00
4.00
4.00
h.00
4,00
4.00
4.00
4.00
~“q$.;—.—...—.

Normal
pressure
ratio,

Db4/Et4

495
237
123
63.4
29.2
0

250
512
735
979
27,4
6,74
1.t33
o

13.2
27.0
51.9

499
31.2

w+;
27.0
6.46
0

26.2
425
51.7

@.-- . .——.
cn sheetsit

,



TABLE2.- TIIWI13MD COKWWSSIVEPROPIWTIESOFSMET

[Seealsofig.2.]

Sheet “Direction YoungI~~~d~l~* Yieldstrength Secanta Tensile
usedin of Ton*ionCompression(GffGl!t’=o-2$)yieldstrengthstrength
~e181 rolling xs~i hrnpression00

T)
ression

(ksi) (ksi) (kei) (W) k~l (ksi)

A LO~l$udind 1Q,1OO10,YXJ “56.5 47.0 47.3 70,7
Transver~e10,300 - k3.9 - 6&6

‘B Longltuainal1(1,50610,7OQ bIj.2
G:; !“O -

72,2
lhamwerse10,3CO - 69.7

c Longitudinal.10;30010,aoo 5s.6 4s.4 4s.1 72,9
Tnuwverse lo,~o!-1- 5(-).1 . 71,6

I

D Lm@tudinel10,30010,600 sg.6 U.7 ti.6 73*5
Transwrse 10,300 - 50.0 “ 72,2

L

1A,penels
B,panels
O,panels
D,~els

%treasat
dope 0,7E.

1,3,4,7,g,M, 19,20,21, 27
2, 5,6,9,10,26,z%,29
11,12,14,1 ,16,17

t13,22,23,2 ,25

interceptofstress-straincurveandsecantlinethroughoriginwith
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TABJJil3.- STBAINSAT FIRSTOBSERVEDBUCKLINGOF SHEET
—.

Panel

1
2
3
k
5

?
s
9

10
11
12
13
lb
15
1617
la
19
20
23.
2.2
23
26
25
26
27
2s
29

Bucklingof sheetbetweenstringers
Partmy between Strfngerto

stringers

o. oo~l
(1)
. ooo5a
(1)
(1)
(1)
(1)
.00151
.0025
.0030
(1)

. (1)
(1)
(1)
(1)

(1)

(1)
(1)

(1)
(1)
(1)
(1)
(1)

(1)

%Toneobserved.

stringer
0.00125
.00094
.00061
.00055
.00041
.ooobo
.00130
.00155
.0018
.0027
.001513
.00105
.OoClgg
.OC@o
.0011
.0013.0022
.0009
.00044
.Ooow
.0016
.00037
.Ooogg
.000?37
.Oolg
.0G12
.0007
.00055
.0017

Bucklingof sheet
betweenrivets

(1)
(1)
(1)
(1)
(1)
(1)
(1)
2F

(1)
(1)
(1)
a~
a~
(1)
(1)

[1
1
1

(1)
(1)

aF
2F
(1)
(1)
(1)

(1)

2F
-9 observedeither6t or justmriorto feilure.
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TKRLE4.- FAILURXOF PANZZS

Panel

1

;
b
56
7
;10

11
12
13
lk
15
16
17
lg
19
20
21
22
2
2z
25
26
27
2g
29

Sheet
thickness
(in.)

.—
0.0251
.0252
.0251
.0249
.0253
.0249
.0250
.0250
.0250
.0250
.0513
.0515
.0507
.0511
.0516
.0515
.0520
.0250
.0254
.0256
.0257
.0517
.0523
.0516
.0521
.0259
.0262
.0259
.0258

Pres6ureL
on sheet
side
(psi)

::
-2

-:)2
o
k
s
12
16
-a
-2
-1/2

o
4
g
16

-.;2
o
g
-g
-2
0
g
-g
-1
0
g

Pmel
length
(in.)

u. 92
11.gg
11.96
11.92
H.97
11.gg
11.gg
n .96
11.97
11.gi3
11.93
11.96
11.96
11.96
11.97
11.95
11.96
lg.g6
lg.92
lg.g4
lg.g3
M.gb
lg.g5
M.gk
M.gb
18.9k
18.94
M.93
li3.go

%ximum
axial
load, P
(kips)

39.2
40.g
45.5
w 4
44.4
43.6
39.2
39.9
39.3y3.5
51.6
52.1
51.7
51.3
bg.g
WJ.g
47.0
25.0
43.5
M.;
37.0
lLo.7
4J.:
ho:5
h7.6
53.2
59*546.6

Average
axialstress,

P/A
(ksi)

30.0
31.4
32.5

32.0
30.ff
30.6
30.5
29.6
29.2
29.9
2g.13
29.5
2g.6
2g.1
27.0
19.9
30.7
30.0
26.6
23.2
27.g
28.g
23.0
23.2
2Ei.o
29.2
2b.8

‘Negative values correspondto vaouumon sheetside.



r@uTO l.- Oomtruoi ion of dlemt-st ringer panBlmand
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17, D,PLUIm8h3,aa,aa,a4,a5,



Figure S.- Cempreaoiw #trea&etrain oumem of four-inch
lenpa of ktri ngars.A, family of etrea8-

atrtin omvee or etringorn of &li panels I B, etrena-ntrain
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Figure4.- Panelwith pressureon sheet side,showingpanel side
of jig.
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NACA TN No. 1041 Fig. 5
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Figure 6.- Panel with pressure on sheet side, showing
back of jig.
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Figure 6.- Panel with pressure on sheet side, showing
back of jig.
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Hgtue 8.- 6uckle pattern for panel 13 in the 01a8tio r!4ni?e
with mow on the sheet side from zcmo to 7 pal

ti @al load from 20 to 30kipo.

. .

?igtwe 9.- Sheet 10uI in the alhetio rouge forpmel 13 u -m

a funotion of lateral preeeuro p erd edge atrUn,
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rigae 10. - ‘“-0’-’11“ ‘=- 0“‘“* ‘d” ‘I%.length, 12 mines; sheetthi~hegn;o.~5
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m$u?e u.- pah:

Si%&

f
pad. 2.VWIDLMon sheet elf.o, 4 Psi;
la inchan; nhaet ‘thlckmen, 0.0252 in. ~
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Piwe M.- Test of
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Hgure lS. - Tad of yl 4. Taoum on
‘h”” ‘id” 1 l%. :lcqth, a inohcml tiaet thiohw~, 0.084



Figure 14. - Te@t of puel 6. Vaeumu on Rheet Bide, 1/3 pni;
length, 18 Inohes; nheti ttdoknea% O. 025S in.

o m Ln? m W“ m
Sl%h

uw
riglue 15.- feat of WA 6. Ho lmteral preeeurei @Wh, ~

, M inohsej sheet thiokneea, 0.0249 in. ,
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HWFJ 16.- Teat of
length, !YinolmBI sheet thiokncmm, 0.0360 in.

al 7, Preaaure on sheet mido, 4 pal;
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.%-a%

1

rigur.a17. - rant of
Y

1 8. Prwmure on Sheet mide 8 poi;
ilqth, ainohE.9;tieotthiotiae,0.0m im 21?;
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Figure 19.-TW Of
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Figure Xl, - Tent of panel11. Vacuum on sheet nide, 8 PSI;
length, M inahea; duet thlokness, 0.0613 in.
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Figure 22.- net Of WI 13. vbcuumon&eat eide, uaPSiI
length, 11.96 inches! sheet t~cknaa., 0.W37 in.

u
Figure E3.- Test of panel 14. Zero lateral rmawre; length, ?

E12 incheu , sheet tbickneae, 0.0 11 in.
E
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?igure M.- W@ of RIM 16. PraantUe on sheet aide 4 pfll;
length, fa tnohe,j nheet thiokmm, 0.05i6 in.

I

W’?%ln

Figuxe,36.- Tent of mel M. Prea@uxe on ahnet eide, 8 p8i I
flength, 2 ioahenj sheet thiokrleea, 0.0515 in. #
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~gure 56.-’ lest Of
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Figure 27. - TatofpanelI.E.Premuzeonsheet tide, 8 pni; ~
lemgzh, 19 lMheBf sheet thioknms, 0.0250 in. e
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Figure a8.- ?eetof pMel 19. VMU on ahnet. nide, 0.5 psi)
l.mgth, 19 incho8; sheet thioheoe, 0,0254 in.
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Figure W.. Test of pwmd90. HO lateral pm~mmllength, .
19 lnahea; nheet thiokness, 0,0266 h. ~
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Figllre 30. - Teet of wml 21. Prensure on sheet
M@,, L inohs; sheet thioknefm,

nlde, 8 P8i;
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Figure 31.- Tent of panel 23. Paouun on eheet side, 8 pal;
lmath, 19 Inet.ea J sheet thiokneaa, 0.0517 in.
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Figure 32. - Tut of pael 23. V&cuumon uhest side, 2 psi I
length, 19 inoheal sheet taiokneaa, 0.0523 in,
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rigu?e s3.- Test of pull 24. 10 lateral Presoura; M@h, i
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Fi&u?e 34,- Twt Of end 25. mmm on sheet side 8 psi!
MI@, L Me,: sheet thiokmm, O.&l in.

Figure 35.- Teet of penel %. VaaW.M on nheet slda, 8 p~i;
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Figure 28.. ?eetof mel 27. Vaaum on ehe.et nib, 1 pei;
I’langth, 9 innhdsj nheet thiokneao, 0.0262 In,
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figwe S7.- ?ent of panel 29. IJO lateml pre~eurel length, &I
19 iaoha8J nheet tjicknesoi 0.0259 h.
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Pigure 39.- ?ontof anel 89. FTeemm on sheet ni!le, E psi;
!length, 9 inohee, sheet t~chien’d, 0.0258 in.
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p’@.ua39.- Defleotionof sheetundercombinedaxi~ Iod andlateralPr@SwBa AXfitA-
buokldsheet;atB> buekli.~ from stringer;. and E4t0,

buckli~ Ody Part ~Y

from stringei”tostringer.
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Mgui?e41,- EMnot of Ebteral pmmure on ahemt ntrtin at
stringer mlge for Wokling of 0.061 lnoh pauela.

& and B, P8uele With
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Fi@e k?.- Arial load om!ied per ehaet bsy for puelB1 to
6 With nominal 0.025 inch oheet, 4 Inoh stringer
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ri~e 44.- Sheet load qpinnt edgu atralnj v.wuum on abet Figue 46, - tlhaet lotd wainnt
side; leagth, M in. I nheet thiokness, 0.0S1 in. shad @ide; Wth,%’i$;%i$%!%%

0.051 in.
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Pigum 46. - Eheat loed a@nM edge strtin, vacuum cm sheet Pigure 4’7.- Sheet ~ @Mt ~ atraln; VMU~ on ShOOt
aidej len@h, 19 in. I ahaet thickneaa, 0.0% in. side! length, M in., sheet thicknemn, 0.051 in.
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Flgurs 4B. - Shoet load a@oN e@ simaln; latar f loa an
indicatei~ length, 19 in. I Bix uheat UYS;

sheet thiokvreae, 0.025 in.

.Lu?%rt71/tnssm,Mw

~igure 49.- Effe4t of lateral resmre on aver e axial
# %:otrmw at failure 01 paneln 1 to 1 with 12

in, lqth and 0.026 in, ivhwt. m
“*
ml



Figure 60.- Effsot ti lateral praesure on avangs &al
stress at failuxs for paueln 11 to 17 with

12 in.lm@handO.~ In.sheet.
Jifpre51.- Kfaot of lateral yrore on atqa axi41

otrass at fallura or pmela M to 1 with
19 in. length and 0.026 in. sheet.
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I!at’efvfpl?um, /!4/!2

rigure S&- Effeet of lateral presmue on war e axial
%6tresn M failure for panels 22 to 5 with

19 in, length and 0.001 in. sheet.

Lo’&Yipt%sm?, /44$%

Hg.ixe S5.- Effeot of lateml ●ssure on wer ● uiml
atreas at ftilme %r&e ~a~% with

19 in. le@h; nix theet IWE; O. . .
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